Introduction
Vibration technology is growing continously due to more demanding performance criteria and design specifications of all types of machines and structures. Detailed theoretical publications' and extensive standards 2 have been worked out to help engineers with their design work. Stiffness and dynamic behaviour can today be simulated with powerful tools such as FEM to a high degree of accuracy. However, the predictions for systems of several components remain difficuJt3.
Another important issue is the reduction of noise generated by vibrations on complex structures such as production lines or in vehicles. The most common application, however, is the measurement of unbalanced shafts or rotors 4 . The product of specific imbalance and speed remains relatively constant in terms of damage potential. This constant has been designated as a grade of balance quality G, in terms of classes of maximum vibration speed: G = displacement amplitude x rotational speed = dill (I)
To predict reliably the failure of bearings, or for the design of active vibration isolation systems, the evaluation of measurement data is usually the only successful strategy. Especially for continous monitoring, measurement systems are required to be small, cheap, reliable and easy to install. In this concern a miniaturised magnetic vibration measurement device may be a valuable contribution.
5 "------...,,~t-,--::4,"",' :-;' :-:7Ci•..L.L~--::'--""'~4--::'--::'''7-:-'-u---j----t---;---t--:-t-,;-d Traditionally only sensors not requiring any contact at all with the vibrating part are called non-contact types. The sensor considered in this work measures displacement and it is of the contact type, since it needs to have a miniaturised permanent magnet fixed on the vibrating part. The mass of the magnet, however, is only about 6mg, so This triaxial sensor is used as a magnetic field-sensitive element in the probehead of highly accurate magnetic-field transducers ( Figure 4 ). Due to the sensor's low noise, high linearity in the magnetic field and high long-term stability, such instruments achieve an accuracy of 0.1 % or better in magnetic fields up to 2T. Figure 5 , the three magnetic field components B x ' By and B z can be given in a cartesian co-ordinate system as:
As illustrated in

Theoretical working principle of the system
To decide how the magnet and sensor can be used to detect a multi-axis vibrational movement of the magnet, one has to study the field conditions in the vicinity of the magnet. whether the sensor is considered being of contact, noncontact or 'semi-contact' type may finally depend on the application.
Working principle
Magnet and triaxial sensor
To reduce the influence of the magnet's mass on the vibration characteristics, it is essential to use a very small magnet. For the experiments hereafter a l.5mm diameter discshaped permanent magnet with a weight of 6mg is used. The magnetic field of such a small magnet, however, is only adapted to displacement measurements in a small space at a short distance. Consequently, the measuring device also needs to be very small. A device that is very well suited for this task is a triaxial Hall sensors, which where the two Euler angles are given by the co-ordinates of the point r:
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and radial distance r equals:
In the following it is shown how the value of each of the three magnetic field components varies with a linear displacement. For symmetry reasons the motion in direction x and direction y are equivalent, so that only x needs to be examined.
The Hall signals for a displacement in tangential direction x or y and a dis, ,.ment in radial direction z can be calculated from equaibns .J to 5. The magnetic pole is supposed to have a radius of Imm and the distance between the surface of the magnet and the magnetic sensor is 2mm.
A displacement of 0.5mm in x or y direction generates a very linear output response. The distance to the magnet is almost constant and for small angles the approximation sinG=G is valid (Figure 6 ). For a radial displacement, the _ _ _ _ _ Magnetic vibration measurement -Schott, Racz & Popovic signal has a higher level but it is also less linear (Figure 7) . This direction should be selected for the smallest expected vibration amplitude ifno linearisation means are used.
Measurements
Measurement set-up
For the measurements a commercially available three-axis Hall transducer 3R-IOO-2 from Sentron AG was used. This precision magnetic field measurement instrument contains in the probehead the triaxial Hall sensor and an analog electronic interface for biasing, signal amplification and temperature compensation 6 . Figure 8 shows how the magnet is mounted on a vibrating support and where the triaxial sensor is placed. For the characterisation presented here, we were mainly interested in the general system performance and measurement data was only taken for a vibration along x.
The entire set-up for the characterisation is shown in Figure  9 . The distance between the magnet and the sensitive point of the probe was set to about 2mm, roughly corresponding to the value used earlier for the estimations. In order to simulate a vibrating machinery part, the magnet was mounted on a vi bra- tion exciter. The triaxial Hall sensor underneath picks up the variation of the magnetic field due to the movement. The signal is then amplified by a lock-in amplifier, which receives as reference frequency the vibration excitation signal. As a reference, the true displacement of the magnet is measured by a laser interferometer. It measures the speed ofthe lateral movement of the magnet, and its output signal is displayed on an oscilloscope. Dividing the velocity signal by the frequency yields the vibration displacement.
Measurement results
Measurements were performed over a range from about IlJ.m to about 1.5mm of displacement amplitude, and for excitation frequencies of 40, 80, 160, 320 and 640 Hz. The results obtained show the Hall signal amplitude (Figure 10 ) and the Hall signal sensitivity (Figure 11 ) versus the displacement amplitude. 
Vibration in a rotating system
A second field of vibrations is that concerning the variations in angular velocity of a rotating object, like a wheel or a shaft, caused by worn-out ball bearings, unbalanced masses, etc. The combination of a miniaturised magnet and the triaxial Hall sensor can also be used for such a measurement in a very efficient way. When the magnet is placed at the shaft-end with axis of magnetization perpendicular to the rotating axis, the sensor underneath detects sine and cosine signals in the two directions perpendicular to the shaft's axis (Figure 12 ). From the two signals the absolute angular position can be calculated and variations of the speed can be observed. A very efficient way to relate this vibrational infonnation to a possible source is to analyse the frequency spectrum of the sensor output signal. This represents a 'fingerprint' for each rotating system, and variations from the standard spectrum can directly lead to the vibration source. fan is measured once in a free-running mode, and once with a piece of carton paper touching its blades. The frequency plot on the right shows that, for the latter, additional higher harmonics at about five times the rotation frequency are generated. This clearly indicates that the origin of the vibration must be related to the five blades of the rotor. for a 0.1 mm vibration over the measured frequency range.
The presented magnetic solution combines the advantages of low-cost accelerometric systems and of contactless detection by laser-interferometric systems. This may be a particular advantage for the application in multi-sensor vibration monitoring systems and for automotive applications.
Conclusions
Characterisation of such a novel magnetic vibration measurement system showed a sensitivity of2 mV/mm for sinusoidal excitation of the magnet orthogonal to its magnetisation axis. Vibration measurements over a range of 0.001-1.5mm in amplitude and 40-160 Hz in frequency demonstrate a linear signal response with less than 5% non-linearity. A signal-to-noise ratio of higher than 50dB is measured Rotating Dipole Field 
